Abstract -In order to study the effects of sheep teat disorders on the protection of the mammary gland, we used a Mannheimia haemolytica isolate, which did not cause clinical mastitis when deposited into intact teats. In the first experiment, this was deposited into the duct of teats with orf (Group A, n = 5) or papilloma (Group B, n = 3). In the second, teats were chapped and then, the organism was deposited into the duct (Group C, n = 7) or on the skin (Group D, n = 4). Ewes with healthy teats were controls (Group E, deposition into duct, n = 5; Group F, deposition on skin, n = 2). The ewes in Groups A, B or C developed clinical mastitis 5 h later, whilst the ewes in Group D developed it 2 d later; no control ewe developed clinical mastitis. In ewes with teat lesions, the organism was isolated from secretion samples and the California Mastitis Test became positive 5 h after challenge; neutrophils and lymphocytes were seen in Giemsa-stained secretion films from Group A or B ewes, whilst macrophages, neutrophils and lymphocytes in films from Group C or D ewes; neutrophils were predominating in films from Group E or F ewes. Inside the teats of Group A, B, C or D ewes, folds, hyperaemia and mucosal thickness were seen; histologically, subepithelial leucocytic infiltration was seen. In Group A or B ewes, no evidence of lymphoid tissue at the teat duct-cistern border was found. In Group C or D ewes, intense erosion and ulceration of the teat skin and conspicuous lymphoid tissue at the teat duct-cistern border, were evident; lesions characteristic of haemorrhagic mastitis were in the mammary parenchyma. In control ewes, subepithelial leucocytic infiltration in the teat duct and lymphoid tissue as above, were evident. We postulate that teat lesions can be predisposing factor to mastitis, by adversely affecting defences and speeding the process of infection and making it more severe. mastitis / sheep / teat / predisposing factor / orf
INTRODUCTION
Ovine mastitis is a widespread disease of ewes with significant adverse production effects [7, 8] . The disease has not been studied as extensively as that in cows; consequently mechanisms of its pathogenesis have not been clarified and accurate control measures have not been proposed.
The teat is the most common portal of entry of the various causal agents. Furthermore, it is a part of the udder that is particularly influenced by external factors; in dairy ewes, hands of milkers or machine clusters apply a significant force to the teat, whilst in ewes of mutton breeds, the teat is subjected to licks and bites from lambs. Various defence mechanisms have been 90 V.S. Mavrogianni et al. described in the teat of cows, e.g. the keratin lining in the teat duct, as well as leucocytes and non-specific antibacterial proteins in the teat cistern [16, 17, 52, 54, 56, 57, 61] , but such extensive studies have not been previously carried out in ewes.
In a previous paper [45] , we described that clinically healthy teats of ewes provided significant protection against Mannheimia haemolytica intramammary infection. We found that the deposition of M. haemolytica into the teat duct did not result in clinical mastitis, although an inflammatory reaction had been elicited; direct inoculation of the same organisms into the gland cistern always resulted in clinical mastitis. During that study, we observed a focus of lymphoid tissue at the border between the teat ductteat cistern; we postulated that this structure might play a protective role, as in histological sections from teats inoculated with the organism, it was hyperplastic with germinal activity.
Sheep may also be used as models in experimental studies of bovine mastitis. Although there are differences between the two species, e.g. M. haemolytica is a very rare causal agent of bovine mastitis, whilst Escherichia coli an uncommon one for sheep mastitis, there are also similarities between them, e.g. milking is considered to be a factor facilitating the entrance of organisms into the teat. Hence, studies carried out in ewes may be of value in the study of the pathogenesis of the disease in cows.
The objectives of the work described in this paper were the following: (i) to study the effects of some ovine teat disorders, natural or experimentally inflicted, in the protection afforded by the teat in cases of M. haemolytica challenge and (ii) to describe the features of the resulting lesions.
MATERIALS AND METHODS

Experimental design
Two experiments were performed during this study. They were carried out under a licence for experimental procedures obtained from the Greek Ministry of Agriculture.
The animals were inoculated with an isolate of M. haemolytica (strain VSM08L), which had been isolated in three consecutive samplings, from the teat duct of a clinically healthy ewe in Greece. No abnormal clinical findings were present in the mammary gland of that animal, the California Mastitis Test (CMT) was negative and no bacteria were isolated from mammary secretion. The organism was recovered from the tip of a fine catheter 2 mm-long, which had been inserted into the teat for sampling. The isolate was found to cause mastitis in ewes when inoculated directly into the gland cistern, whilst deposition into the duct or the cistern of clinically healthy teats resulted in only mild subclinical mastitis [45] .
The experimental design is summarised in Table I and presented in detail below. Eight 3-to 5-year-old, Karagouniko-breed ewes, were used in the experiment. The animals selected, had viral lesions in their teats, Group A (n = 5) orf (contagious ecthyma) lesions and Group B (n = 3) papilloma lesions. This clinical diagnosis was confirmed by the results of a semi-nested PCR assay, using the primers PPP-1, PPP-4 and PPP-3, designed to amplify a part of the B2L gene of the virus [41] . Skin lesions were detected in the ewes 15 to 20 days after their lambing.
For selection, a thorough clinical examination was carried out in these ewes. Special attention was paid to their mammary glands, which were examined as described before [27] , and teats. Each teat was held between the thumb and the index finger of the examiner (VSM) and palpated throughout its length; its shape, size and consistency were evaluated. The teats of the same ewe were compared to each other. Lesions present on each teat were described.
The skin around the teat orifice and in the lower lateral part (approx. 1 cm) of the teat was swabbed by means of a sterile cottonswab moistened in Soy-broth. A sterile plastic fine catheter 2 mm-long, was inserted into the teat and moved from the left to right, in order to sample the mucosa. Then, mammary secretion samples were obtained. The first two squirts of secretion were discarded and then, 10 to 15 mL of secretion were carefully collected into a sterile container.
All samples were cultured onto Columbia blood agar; the media were incubated aerobically at 37 °C for up to 72 h. The CMT was carried out in secretion samples, as described before [28] ; secretion films were made and stained by the Giemsa method.
Three days after examination (i.e. 18th to 23rd day of lactation), the lambs of these ewes were weaned and subsequently, the animals were hand-milked thrice daily. The ewes were examined again and the samples were collected as above, on the day of weaning of the lambs and on the day of inoculation.
Inoculation was performed four days after weaning of the lambs (i.e. 22nd to 27th day of lactation). For inoculation, the isolate was grown on Columbia blood agar and checked for purity; then it was inoculated into Soy-broth (BioMerieux, Marcy-l'-Étoile, France) and incubated aerobically at 37 °C for 5 h. Serial dilutions of the broth culture into phosphate-buffer-saline (PBS), pH 7.3, were carried out; finally, 0.2 mL of the desired dilution was withdrawn with a syringe. The inoculum contained 1250 c.f.u., as estimated by the method of Miles and Misra [46] . To ensure sterile conditions, on the day before inoculation, the hairs of the teats were clipped using fine scissors and the skin of the udder and teats was scrubbed using chlorhexidine; then on the day of inoculation the teats were disinfected using an iodine povidone solution. The ewes were challenged as follows; a sterile plastic fine catheter (Abbocath, Abbott, Abbott Park, Illinois, USA) 20 G, 2 mm-long, was inserted into the teat; the syringe was attached to the catheter and the bacterial suspension was deposited inside the teat. The same technique was used to inject 0.2 mL of PBS into the other teat of each ewe, which was used as the control.
Experiment II: deposition
of M. haemolytica into the teat duct or the teat skin of the ewes, with artificially induced skin chapping
Eleven primiparous Karagouniko-breed ewes were used. Immediately after lambing and every two days thereafter, a thorough clinical examination of these animals was carried out; special attention was paid to their mammary glands and teats. Furthermore, skin, intra-teat catheter and secretion samples were obtained for bacteriological and cytological examination, as described above. The lambs of these ewes were weaned 18 days after lambing and subsequently, the animals were hand-milked thrice daily. Four days after weaning of the lambs (i.e. 22nd day of lactation), the lower 3.0 to 3.5 cm of both teats of these ewes were immersed into a 1 N solution of NaOH for 1 min; the procedure was repeated on the following day. The resulting chapping was scored according to the standards detailed in Table II [25] .
One day later, the animals were divided into two groups and challenged as follows. Group C animals (n = 7) were inoculated using the technique described above; 1250 c.f.u. of the challenge isolate were deposited 2 mm-deep into the teat duct of one of the teats, whilst 0.2 mL of PBS was injected into the other teat, which was used as the control. For ewes in Group D (n = 4), the whole broth culture was used; the ewes were completely milked out; three hours later, the lower 3 cm of the teat were immersed into 40 mL of the broth for 60 s; after a 30 min break, they were re-immersed into the same broth culture. The procedure was repeated on the following day. By using the same procedure, the other teat of each ewe was immersed into 40 mL of sterile PBS.
Controls
Seven primiparous Karagouniko-breed ewes were used. Immediately after lambing and every two days thereafter, a thorough clinical examination was carried out in these; special attention was paid to their mammary glands and teats. Furthermore, skin, intra-teat catheter and secretion samples were obtained for bacteriological and cytological examination, as described above.
The lambs of these ewes were weaned 20 days after lambing and subsequently, the animals were hand-milked thrice daily. Four days after weaning of the lambs (i.e. 24th day of lactation), the animals were divided into two groups and challenged as follows: Group E animals (n = 5) were inoculated using the technique described above; 1250 c.f.u. of the challenge isolate were deposited 2 mm-deep into the teat duct of one of the teats, whilst 0.2 mL of PBS was injected into the other teat, which was used as the control. For ewes of Group F (n = 2), the whole broth culture was used; the procedure described above was employed and one teat was immersed into it, whilst the other was immersed into sterile PBS. The procedures carried out in these animals were identical to those of a larger study described before [45] .
Post-inoculation examinations
Detailed general clinical examinations and examinations of the mammary glands and teats were carried out 2 h, 5 h, 12 h, 18 h, 1 d, 2 d, 3 d and 4 d after challenge (unless of course, a ewe had been euthanised before that). In Group D or F ewes, Table II . Classification of teat lesions scores and reactions after immersion into 1 N NaOH solution [25] .
Score
Description of reaction 1 Teat apparently normal, devoid of lesions, scabs and chaps 2
Less than half of the teat chapped, with few lesions present and much of the ulcerative tissue covered with scabs or absent; areas of normal skin apparent; no sensitivity of the animal to skin palpation 3
Half of the teat chapped, with areas of ulcerative lesions present and beginning of healing as evidenced by formation of scabs and reduction of areas rough and raw 4
More than 75% of the teat chapped, with skin rough and raw and several ulcerative lesions on the teat body; animal sensitive to teat palpation sterile cotton-swabs moistened in Soy-broth were used to sample the skin around the teat orifice and the lower lateral part (approx. 1 cm) of the teat before disinfection; and a sterile plastic fine catheter 2 mm-long, was also inserted into the teat to sample the mucosa. Mammary secretion samples were collected from the animals of all groups. All samples were cultured onto Columbia blood agar; the media were incubated aerobically at 37 °C for up to 72 h. The CMT was carried out in all secretion samples. Secretion films, made by directly smearing 20 µL from each sample on a microscope objective plate, were stained by the Giemsa method; the percentage of leucocyte subpopulations was determined by counting at least 200 cells therein and distinguishing their type.
The ewes were euthanised as follows; the ewes in Dissection of the mammary glands and the teats started immediately and was carried out using the aseptic technique. The skin of the teats and the subcutaneous tissues were incised with a sterile blade. Initially the mucosa of the teat cistern (sinus papillaris) was exposed and subsequently the teat duct (ductus papillaris) was incised and its mucosa was exposed. A new blade was used for scraping the mucosa of the teat cistern, whilst another one was used to scrape the mucosa of the teat duct. In ewes of Groups A, B, C and E, an electronic cutimeter was used to measure 2 mm from the teat orifice, in order to determine the precise site within the teat, in which the inoculum had been deposited. Then, the mammary glands were dissected and samples were obtained for bacteriological and histological examination, as described before [21] . Scrapings from each of the two sites sampled in each teat, as well as tissue samples for bacteriological examination were plated onto Columbia blood agar; the media were incubated aerobically at 37 °C for up to 72 h. Throughout this study, all bacteria isolated were identified by using conventional techniques [6] .
Longitudinal sections, involving all the structures of the teat, were taken out for histological examination. Tissue samples were fixed in 10% neutral-buffered formalin and embedded in paraffin wax, using conventional techniques. Haematoxylin and eosin (HE) standard staining procedures were performed for histopathological studies.
Data management and analysis
The proportions of challenges, which resulted in clinical mastitis, were compared by using the Fisher-Exact test. Initially, the outcome in challenged teats was compared to that of the controlateral. Subsequently, the results of the ewes in Experiments I or II were compared against those of the control ewes. Finally, the test was used to compare the results of the ewes in Experiments I or II against those obtained in ewes that had been challenged by using the same method, but had clinically healthy teats, in a previous study [45] ; these animals had been treated in the precise way as control animals in the current study. Statistical significance was defined as P < 0.05.
One-sided 97.5% confidence limits of the probability of a ewe developing clinical mastitis were calculated for Experiment I, Experiment II and control ewes. The animals euthanised earlier than 12 h were not taken into account in this calculation.
In each inoculated teat, the number of sampling sites from which bacteria had been isolated during the post-mortem examination (i.e. teat duct, teat cistern, mammary parenchyma) was considered as a bacterial isolation score; therefore, the scores ranged from "0" (no bacteria isolated from any of the three sampling sites) to "3" (bacteria isolated from all three sites). Then, the mean score for Groups A to D and Groups E to F was calculated for each day when the ewes were euthanised, and plotted against time after challenge.
RESULTS
Pre-inoculation examinations
In experiment I, orf lesions in the teats were mild with scabs; they were approximately 1 mm in diameter and present in two to three sites near the orifice in each teat. Papilloma lesions in the teats, were nodular, proliferative, but not umbilicate, and 0.5 to 1 cm in diameter, three to five in each teat, at the middle and near the orifice of the teat. Lesions were present in both teats of each experimental animal. Apart from these, no other pathological findings (e.g. hardness, nodules etc.) were detected in the mammary glands or the teats of the ewes.
In experiment II, the mammary glands and the teats of all ewes were clinically healthy during the period from lambing to chapping. The teats were soft with no external abnormalities. After immersion into the NaOH solution, all teats became chapped to score "2" to "3".
The mammary glands and the teats of all control ewes were clinically healthy during the period from lambing to inoculation. The teats were soft with no external abnormalities.
A variety of bacteria was isolated from all teat skin swabs; the majority of the organisms was coagulase-negative Staphylococcus spp., but other bacteria (e.g. Bacillus spp., Acinetobacter spp.) were also isolated. M. haemolytica was recovered sporadically after the 10th day post-lambing (1 A ewe, 2 C ewes, 2 E ewes, 1 F ewe). No bacteria were isolated from any catheter or milk samples.
In Experiment I, as well as in Experiment II before chapping of teat skin, the CMT was always negative; in Giemsa-stained secretion films, no leucocytes were observed. After chapping of teat skin (Experiment II), the CMT became positive (score "1") and leucocytes (80-90% neutrophils, 10-20% macrophages) were observed in Giemsastained secretion films. In samples obtained from control ewes, the CMT was always negative; in Giemsa-stained secretion films, no leucocytes were observed.
Clinical, bacteriological
and cytological findings
Deposition of M. haemolytica into the teat duct of ewes with orf or papilloma virus (Experiment I)
All ewes in Group A (except the one euthanised 2 h post-inoculation) became systemically ill and developed clinical mastitis. By 12 h after challenge, rectal temperature up to 41.3 °C, indifference, lameness and ruminal stasis were evident. The secretion was found to be abnormal (serous or sero-sanguinous, with flakes) 5 h after challenge; abnormal mammary signs (enlarged, hot, hard and painful mammary gland, with reddened udder skin) were initially seen 12 h after challenge. No abnormalities, other than the viral ones, were recorded in the teats.
All ewes in Group B (except the one euthanised 5 h post-inoculation) developed clinical mastitis. The secretion was found to be abnormal (containing flakes and later becoming purulent); abnormal mammary signs (enlarged, hot, hard and painful mammary gland) were seen 24 h after challenge. No abnormalities, other than the viral ones, were recorded in the teats.
Inoculated teats were significantly more likely to develop clinical mastitis than their own within-ewe controls (P < 0.001). There was also a significant difference in the development of clinical mastitis, between inoculated and control ewes (P = 0.005); when the ewes of the previous study were also included as controls, the significance became P < 0.001. The "best-estimate" of the probability of a challenged ewe with orf or papilloma lesions developing clinical mastitis, was 100% and the 97.5% confidence interval was 54.1% to 100%.
M. haemolytica was consistently isolated from all secretion samples obtained after challenge (Tab. III). In all ewes, the CMT increased (≥ "2") 5 h after challenge. In Giemsa-stained secretion films, rods were seen 2 h after challenge and subsequently. No macrophages were seen in secretion samples from the animals of either group; the majority of the cells were lymphocytes (70-80%), with some neutrophils also being present (20-30%) .
No clinical signs were observed in any control gland or teat (apart from the viral lesions). No bacteria were recovered from any sample obtained from these. The CMT was always negative; in Giemsa-stained secretion films, no leucocytes were observed. All ewes in Group C (except the one euthanised 2 h post-inoculation) became systemically ill and developed clinical mastitis. By 12 h after challenge, rectal temperature up to 42.1 °C, indifference, lameness and ruminal stasis were evident. The secretion was found to be abnormal (serous, sero-sanguinous or purulent, with flakes or clots) 5 h after challenge; abnormal mammary signs (enlarged, hot, hard and painful mammary gland, with reddened udder skin) were seen 5 h after challenge. The inoculated teats were hot and hard and expression of milk was difficult.
All ewes in Group D (except the one euthanised 24 h after challenge) became ill and developed clinical signs of mastitis. By 2 d after challenge, rectal temperature increased up to 42.0 °C and there was indifference; lameness and ruminal stasis were evident. The secretion was sero-sanguinous 24 h after challenge; abnormal mammary signs were as above and seen 24 h after challenge.
Inoculated teats were significantly more likely to develop clinical mastitis than their own within-ewe controls (Group C: P < 0.001, Group D: P = 0.03). There was also a significant difference in the development of clinical mastitis, between inoculated and control ewes (Group C: P = 0.005, Group D: P = 0.07); when the ewes of the previous study were also included as controls, the significance became P < 0.001 for Group C and P = 0.002 for Group D. The "best-estimate" of the probability of a ewe with chapping lesions in the teats developing clinical mastitis, was 100% and the 97.5% confidence interval was 63.1% to 100%.
M. haemolytica was consistently isolated from all secretion samples obtained after challenge. The organism was also isolated from all catheter samples, as well as from all skin swabs (Group D) (Tab. III).
The CMT increased (≥ "2") 5 h (Group C) or 18 h (Group D) after challenge. In Giemsa-stained milk films, rods were seen 2 h (Group C) or 18 h (Group D) after challenge and subsequently. In the early stages after challenge (up to 5 h), the cells observed in secretion films from Group C ewes were neutrophils (70-90%) and macrophages (10-30%); subsequently (especially 24 h after challenge and thereafter), the predominant cells were neutrophils (40-60%) and lymphocytes (40-60%), with some macrophages (<10%) also present. The cells observed in secretion films from Group D ewes were neutrophils (70-90%) and macrophages (10-30%) up to 24 h after challenge, with neutrophils (40-60%), lymphocytes (40-60%) and some macrophages (< 10%) subsequently.
In one Group C ewe, clinical mastitis was seen in the control gland 3 d after challenge; the control teat, apart from the chapped lesions, appeared normal. M. haemolytica was isolated from the secretion 2 d after challenge; the CMT increased (score "1"-"2") and in Giemsa-stained secretion films, neutrophils were the most numerous cells observed.
Control teats of all other ewes remained chapped to a score "4"; no clinical findings characteristic of mastitis were observed. No bacteria were recovered from any secretion or intra-teat catheter sample obtained from the control mammary gland or teat of the experimental ewes. A mixed culture of bacteria (coagulase-negative Staphylococcus spp., Bacillus spp., etc.), but no M. haemolytica, was isolated after chapping from skin swab samples. The CMT was consistently found to be mildly positive (score "1") in secretion samples, whilst in Giemsa-stained secretion films, neutrophils were the predominant (> 80%) cell type observed. Details of the above results are given in Table III .
Controls
None of the control ewes became ill or developed clinical mastitis. Ewes maintained Teat lesions as a predisposing factor to mastitis 97 their appetite, and their rectal temperature never exceeded 39.8 °C. No changes in mammary secretion were evident; the mammary glands and the teats were soft, with no abnormalities. The ewes were milked with ease.
M. haemolytica was isolated from 51% of secretion samples obtained after challenge, as well as from 40% of catheter samples and all skin swabs (Group F). The CMT increased (≥ "2") 1 d (Group E) or 4 d (Group F) after challenge. Leucocytes were seen in Giemsa-stained secretion films. In samples from Group E ewes, up to 2 d after challenge, the great majority (≥ 80%) of leucocytes consisted of neutrophils, which subsequently decreased (50-60%), whilst macrophages and lymphocytes became more prominent (5-35% and 10-30%, respectively). In samples from Group F ewes, the great majority (≥ 85%) of leucocytes consisted of neutrophils.
Pathological findings
Measurement of the length of the internal teat structures after dissection of the teats of ewes of Groups A, B, C and E, showed that the inoculum had always been deposited within the teat duct.
M. haemolytica was consistently isolated in pure culture from all tissue samples obtained from ewes with teat lesions (except the samples from the mammary parenchyma of Group A and Group C ewes euthanised 2 h after challenge). The organism was also isolated in pure culture from 71% of tissue samples (mainly from teat duct and teat cistern) obtained from the control ewes (Tab. IV). Mean bacterial isolation scores for (i) Groups A to D and (ii) Groups E to F are depicted in Figure 1 , plotted against time.
Group A and Group B
The principal macroscopic lesions inside the challenged teats were folds, hyperaemia and thickness of the mucosa. Histologically, we recorded principally extensive subepithelial neutrophilic infiltration evident from 5 h after challenge and subsequently; other findings included the presence of lymphocytes and plasma cells, with exocytosis through the epithelium and into the lumen, lysis of neutrophils and destruction of epithelial cells (Fig. 2a) . In inoculated teats of Group B ewes, damage to the teat epidermis and accumulation of lymphocytes and plasma cells were also observed.
Macroscopic lesions in the mammary parenchyma were apparent 12 h after challenge and subsequently; the gland was Table IV . Post-mortem isolation of M. haemolytica from the teats of ewes inoculated with the organism. enlarged, with subcutaneous oedema and sanguineous fluid exuding from sections of the reddened parenchyma; the supramammary lymph nodes were enlarged and oedematous. Histologically, the salient feature was conspicuous neutrophilic infiltration, which became evident 5 h after challenge; other features were extravasation, intra-alveolar live and exhausted neutrophils, destruction of epithelial cells, alveolar destruction, lymphocytic infiltration and haemorrhages, which were observed from 12 h after challenge and subsequently. Control teats appeared histologically normal, with no lymphoid tissue observed at the border between the teat duct and teat cistern. No pathological findings were evident in the parenchyma of the control mammary glands.
Group C and Group D
Macroscopic lesions inside the teat were folds, hyperaemia and thickness. Histopathological findings were first observed 5 h (Group C) or 24 h (Group D) after challenge, when sparse scattered lymphocytes were observed in the teat cistern and a small number of neutrophils in the teat duct. Subsequently, an increased number of neutrophils was seen sub-epithelially in the teat cistern and teat duct, whilst lymphocytes were present at the border of the teat ductteat cistern. With progression of time, the number of leucocytes decreased, although their proportion and distribution in tissues was similar to earlier time-points. Accumulation of plasma cells and subepithelial haemorrhages were also evident. In all teats studied (ewes of both groups), a conspicuous area of lymphoid tissue -lymphocytes and plasma cells, including a germinal centre -was observed at the border between the teat duct and teat cistern (Fig. 2b) . In the skin of all teats studied (ewes of both groups), erosion and ulceration with the presence of sero-cellular crusting and leucocytic accumulation, were evident; however, these lesions did not extend into the teat duct or cistern (Fig. 3) ; their maximal estimated depth was 1.5 mm and the underlying tissues were unremarkable. Additionally in the teat skin of Group D ewes, dense bacterial accumulations were present on the teat epidermis.
Macroscopic lesions in the mammary parenchyma included subcutaneous oedema, the presence of sanguineous fluid from parenchymal sections, and enlargement and oedema of the supramammary lymph nodes. Histopathological findings (massive neutrophilic infiltration) were first evident 5 h after challenge; subsequently, extravasation, haemorrhages, lysis of neutrophils and destruction of alveoli, were evident, whilst in ewes euthanised 2 d after challenge and subsequently, the internal architecture of the parenchyma was destroyed. In one ewe (animal euthanised 3 d after challenge), foci (5 mm in diameter) and petechiae were present on the heart. The skin lesions described above were also present on the control teats; an area of hyperplastic lymphoid tissue was also observed in these teats. Apart from these, no other macroscopic or histological abnormalities were evident in the teats or the mammary parenchyma of the control mammary glands.
Controls
No pathological findings were evident in the control teats or mammary glands.
Figure 2. (A)
Area between the teat duct-teat cistern in a ewe with lesions of orf in the teat, which was challenged into the teat duct with M. haemolytica; absence of lymphoid tissue (Experiment I, animal euthanised 12 h after challenge) (low magnification 5× objective, photograph taken on a Zeiss photomicroscope III). (B) Area between the teat duct-teat cistern in a ewe with chapping lesions in the teat, which was immersed into a M. haemolytica broth culture; presence of hyperplastic lymphoid tissue consisting of lymphocytes and plasma cells (Experiment II, animal euthanised 2 d after immersion into the broth culture) (low magnification 5× objective, photograph taken on a Zeiss photomicroscope III). A color version of this figure is available at www.edpsciences.org. Macroscopically, the teat of control ewes (Groups E and F) appeared normal with an apparently smooth internal lining; the teat duct and the teat cistern were clearly distinguished as two different anatomical structures. In Group E ewes, the salient histopathological finding was subepithelial leucocytic infiltration prominent at the border between the teat duct-teat cistern, observed 1 d after challenge and subsequently. In Group F ewes, the leucocytic infiltration was evident at the end of the teat duct in the ewes. An area of hyperplastic lymphoid tissue consisting of lymphocytes and plasma cells was observed at the border between the teat duct-teat cistern of all ewes.
DISCUSSION
In a previous experimental study of ovine mastitis associated with M. haemolytica [45] , we inoculated two strains of the organism around or into healthy teats of ewes; the results indicated the significant protective role of healthy teats of ewes against the invading organism. One of those strains (VSM08L) was used in the current work. Although this isolate had been isolated from the teat duct of a healthy ewe, it caused clinical mastitis after direct intrammamary challenge into teats with lesions; it also caused subclinical mastitis 24 to 48 h after deposition inside clinically healthy teats.
In the present study, we investigated whether teats with natural or experimentally inflicted lesions would afford the same protection as healthy ones. In direct contrast to the results of inoculation of the organism into healthy teats, ewes with orf teat lesions, with papilloma teat lesions or with chapped teats developed clinical mastitis soon after deposition of the same dose of the organism into the teat duct. Orf and papilloma lesions are two commonly encountered viral lesions in the teats of ewes, as reported in the literature [13, 68, 71, 73] or recorded in personal clinical observations. Chapping lesions may be the consequence of inappropriate milking practices ( [9] , Hemling 1 ) or exposure to cold [11, 23] or windy weather [24] ; they may also be initiated by milking practices and aggravated by environmental factors [26] .
Although in cows an association between teat injuries and mastitis has been established [49, 50, 62] , even if the lesions are minor [1] , the situation in small ruminants is not clear. The majority of authors reported an association between mastitis and teat lesions ( [4, 20, 31, 32, 58] , Onash et al. 2 ), which are usually manifested as an outbreak [5, 20, 58] ; furthermore, Watt [71] and Reid [59] mentioned that a possible secondary effect of orf was mastitis of the affected ewes. Nevertheless, authors did not report such an association [2, 70] . To our knowledge however, no experimental findings regarding these hypotheses have been published. The present results provide clear evidence that teats with lesions do not protect the mammary gland effectively. There may be various mechanisms and pathways, which may either impair the defence mechanisms of the animal or enhance the virulence of the invading organisms.
The orf virus encodes a range of immuno-modulatory genes that interfere with host anti-virus immune and inflammatory effector mechanisms; the virus produces interleukin-10, which suppresses cytokine production by activated macrophages of the host animal, whilst the virus' Granulocyte Macrophage Colony-stimulating Factor (GM-CSF) inhibitory factor is a protein inhibiting the biological activity of GM-CSF and interleukin-2 [34] . In the mammary gland, the GM-CSF factor activates macrophages and neutrophils [33] and improves chemotactic action and peroxidase production from neutrophils [19] , whilst interleukin-2 enhances the phagocytic ability of macrophages and participates in the initial immune response in the mammary gland [18, 66] , therefore, playing a role in the defence mechanisms of the mammary gland.
Haig et al. [34] also reported that in tissues with orf lesions, macrophages were scarce. In the current study, no macrophages were observed in Giemsa-stained secretion films from ewes with orf or papilloma lesions. Since macrophages constitute the first line of defence of the mammary gland, it is possible that their absence facilitated the rapid ascent of bacteria to the mammary parenchyma and subsequent development of clinical mastitis.
The papilloma virus also has evolved various ways to prevent clearance by the host immune system [53] , including subversion of the animal's immune response, e.g. by modulating the antigen presentation process, by inhibiting interleukin activity, or by down-regulating major histocompatibility complex-I on infected tissues. Affected animals may also show immunosuppression [10, 47] . In cows, the virus may hinder the specific defence mechanisms of the mammary gland [26] , thus allowing bacterial infections to result in mastitis [72] . The virus reduces the immunological response of the animal [69] , e.g. by reducing the number of antigen-presenting cells in affected tissues [67] . Our work suggests that this may also be the case in the mammary gland of ewes.
As mentioned earlier, we have presented evidence for a lymphoid focus at the teat duct-teat cistern border and have suggested that it might play a protective role against invading microorganisms [45] . Collins et al. [15] and Hibbitt et al. [40] had indicated that in cows, a similar structure provided local mammary immune response, by producing lymphocytes and plasma cells and thus, was significant in the defence of the mammary gland. This structure was not seen in histological sections of teats from ewes with orf or papilloma lesions; we postulate that this was another cause of impaired defence functions of the teat cistern in these ewes. Thus, bacteria invading the mammary gland caused mastitis more readily. The finding of consistent and rapid development of clinical mastitis after deposition of the organisms in the teat duct or on the teat skin, lends support to this hypothesis, and confirms that viral lesions in the teat predispose ewes to mammary infections.
Additionally, the virulence of the invading organisms may have been enhanced. Burriel [12] associated orf infection in ewes with increased iron concentrations in their milk. Administration of iron was found to increase the susceptibility of the animals to M. haemolytica infection [3] , likely due to increased toxin production from the organism [30] . Therefore, it may be inferred that the increased iron concentration in milk of ewes with orf contributed to the rapid bacterial multiplication and the increased leucotoxin production, which -coupled to the immunosuppressive effects of the virus on the host-resulted in the acute, severe clinical signs of mastitis.
The efficiency of teat defence mechanisms largely depends on the integrity of teat tissues; their impairment was found to lead to increased risk of intramammary infections [35, 36] . Unhealthy teat skin has been associated with an increase in the incidence of mastitis [37] , since a change in the teat skin condition could result in a higher contamination of the teat surface with mastitis pathogens, resulting in an increased rate of intramammary infections [55] .
In cows, chapped or burned teats are believed to pose an increased risk for intramammary infections [48] . In cases of cold weather, an increased incidence of chapped teats has been reported [23] , which has been further associated with a Staphylococcus aureus intramammary infection [23] , likely because teat skin in poor condition allowed greater microbial colonisation than healthy skin [25] . In ewes, Leyshon [44] and Clark 3 have reported that mastitis 102 V.S. Mavrogianni et al.
was more prevalent in cold weather; this could have been the consequence of chapped teats.
Physicochemical changes occurring in chapped teat skin, may contribute to the increased susceptibility of the mammary gland. In the epidermis, the process of drying decreases lipid content which contains antibacterial fatty acids, bacteriostatic salts and proteins, as well as immunoglobulins [51] . Additionally, the reduced hydration of chapped skin, alters skin microflora, consequently decreasing resistance to bacterial colonisation [22] . In our experiments, after chapping and immersion of the teat into a culture broth, M. haemolytica was isolated in pure culture and heavy growth from skin swabs, thus confirming the above observations. Lastly, chapping removes the acid mantle and increases teat surface area, due to excoriations and fissuring, thus providing additional surface for bacterial attachment [64] . In the histological sections of teats from Group D ewes, extensive bacterial accumulations were present on the external teat epidermal surface, potentially enhancing microbial availability close to the teat duct; similar findings were not observed in sections of teats from Group F ewes. Scott and Jones [63] isolated the organism from the teat skin of suckling ewes, but not from that of pregnant ewes or ewes after weaning of their lambs. Subsequently, Jones and Watkins [43] suggested that the organism might originate from the nares, mouth and tonsils of lambs sucking the affected ewe. One may therefore postulate, that in cases of cold weather, when neonates suck the nipples of their dams more often [60, 65] or when teats might become chapped [11, 23] , sucking by lambs contributes to the transfer of M. haemolytica to teat skin; subsequently, the organism might easily gain entry into the teat duct and cause mastitis, as corroborated by the results of our experiment. This hypothesis would explain the findings of Leyshon [44] and Clark 3 .
Cheville [14] mentioned that in damaged skin, there was reduced responsiveness and defective chemotaxis of neutrophils, which might allow bacterial invasion and consequent local or systemic infection. Furthermore, neutrophils cannot withstand the low pH and high temperature in inflamed tissues [38, 42] . Finally, exposure to trauma or cold causes degranulation and lysis of mast cells [39] , which play a role in enhancing the early stages of inflammation [29] ; this would subsequently affect the inflammatory defence pathway. One may thus postulate that similar events have taken place in the chapped teats, hindering the normal defencive process of the mammary gland.
Our experimental findings allied to the field observations reported by previous authors, suggest that teat lesions appear to adversely affect mammary defence mechanisms, thus speeding up the process of infection and making it more severe. Therefore preservation of healthy teats is vitally important in maintaining the natural defences against invading organisms and in contributing to the prevention of mastitis in ewes.
